INTRODUCTION
Inflammatory bowel disease (IBD) is characterized by the overproduction of inflammatory cytokines by immune cells, which propagates inflammation and tissue damage in the gut. 1 Increased knowledge regarding the etiopathogenesis of IBD has led to the emergence of novel therapeutic strategies. 2 Among these approaches, the use of human mesenchymal stem cells (hMSCs) represents a unique, cell-based strategy to induce anti-inflammatory effects in the gut with the potential of maintaining intestinal homeostasis. 3 However, the effects of MSCs on immune-related disorders have been challenged in several in vivo studies in murine models. 4, 5 This partly results in the function and survival of MSCs being impaired by inflamed microenvironments, thereby limiting their therapeutic potential. [6] [7] [8] Taking advantage of the immunosuppressive rather than the immunostimulating properties of MSCs depends on a complex balance among diverse stimuli, which may functionally polarize MSCs, although such properties are essential for using MSCs in clinical practice. 9 Another significant determinant of the therapeutic potential of MSCs is the insufficient trapping of MSCs in injured tissues after systemic administration. Both of these attributes, immune modulation and migration of MSCs, are markedly affected by specific toll-like receptors (TLRs).
in this cell population, 11 and migration assays have demonstrated that exposing hMSCs to the TLR3 ligand or poly (I:C) enhances their migration compared with other TLR ligands. 12 Moreover, the activation of TLR3 was found to amplify MSC trophic factors and enhance their therapeutic potency in murine models of myocardial damage and diabetic neuropathy. 13, 14 The TLR triggering effects appear to be related to the MSC signaling of Notch receptors in T cells. Indeed, MSCs express the Notch ligand Jagged-1, and Jagged-1 mediates the inhibition of nuclear factor-kB signaling, 15 thereby inhibiting Notch signaling from hampering the suppressive activity of MSCs on T cells. 16 Furthermore, Notch signaling regulates CXCR4 expression and the migration of MSCs. 17 However, whether TLR3 priming of MSCs may be instrumental in enhancing the immunosuppressive effects of MSCs in the context of IBD is currently unknown.
Therefore, we examined the effect of TLR pretreatment of MSCs in vivo using a mouse model of colitis. We found that short in vitro TLR3-preconditioning enhances the protective effect of human umbilical cord-derived MSCs (hUC-MSCs) against trinitrobenzene sulfonic acid (TNBS)-induced colitis in mice by producing prostaglandin E 2 (PGE 2 ) via the TLR3-Jagged-1-Notch-1 pathway.
RESULTS

Poly (I:C) enhanced the protective effect of hUC-MSCs against TNBS-induced colitis
Intraperitoneal injection of hUC-MSCs prevented the loss of body weight and decreased the mortality of mice compared with phosphate-buffered saline control injection (Figure 1a,b) . Treatment with poly (I:C)-stimulated hUC-MSCs (poly (I:C)-MSCs) restored 90% of the body weight and rescued 100% of the lethality of TNBS-induced colitic mice, which were significantly higher compared with mice treated with hUCMSCs without poly (I:C) preconditioning (Figure 1a, b) .
In line with these observations, histopathology of the colons of TNBS-treated mice killed on day 4 exhibited a reduction in colon length compared with the ethanol-treated mice, which was modestly restored by treatment with hUC-MSCs. However, at the two time-points examined, there was an additional significant improvement in colon length owing to treatment with poly (I:C)-MSCs compared to hUC-MSCs (Figure 1c,d) .
Moreover, the colitis clinical score was significantly diminished in the poly (I:C)-MSC-treated mice compared with the mice treated with UCMs ( Figure 1e) .
Histologic examination of the colons showed that hUC-MSC treatment reduced TNBS-induced transmural inflammation, mucin-producing goblet and epithelial cells, the focal loss of crypts (Figure 1f,g ), infiltration of neutrophil (myeloperoxidase (MPO) activity; Figure 1h ), and inflammatory CD4 þ lymphocytes in the lamina propria Figure 1i ). All these attributes were significantly more inhibited by poly (I:C)-MSC treatment compared with treatment with non-preconditioned MSCs (Figures 1f-i) .
In contrast, hUC-MSCs pretreated with lipopolysaccharide (LPS, a ligand for TLR4) or tumor necrosis factor-a (TNF-a) (to mimic the inflammatory environment) did not decrease lethality or body weight loss in the colitic mice, nor did it ameliorate the reduction in colon length or the histologic damage observed upon treatment with poly (I:C)-MSCs (Figures 1a-i) . IFN-g priming also induced enhanced protective effects, which was consistent with a previous report. 5 We next examined the efficiency of hUC-MSCs during the later phases of the disease when colitis is fully established. hUC-MSCs and poly (I:C)-MSC injection after disease onset partially reversed disease evolution (Figure 1j ).
Poly (I:C) enhanced the anti-inflammatory activity of hUCMSCs in the colon of colitic mice by shifting the Treg/Th1/ Th17 profile
We next investigated the cytokine profile in the TNBS colitic mice following MSC injections. Treatment with hUC-MSCs reduced the production of Th1/17 signature cytokines, such as interferon-g (IFN-g), IL-17A, IL-21, and IL-23, in the colons of TNBS-treated mice, which was accompanied by downregulation of the systemic inflammatory response (Figure 2a,b) . Poly (I:C) preconditioning enhanced the ability of hUC-MSCs to suppress these Th1/17 signature cytokines, whereas priming with other ligands did not induce a similar effect on the production of inflammatory mediators (Figure 2a,b) . In addition, hUC-MSC treatment significantly increased IL-10 production in the colon, and this increase in IL-10 production was more significant when treated with poly (I:C)-stimulated hUC-MSC (Figure 2a,b) . We next sought to further substantiate the role of TLR3 in the priming effect of MSCs. When TLR3 was downregulated by small interfering RNA (siRNA) or by NN-(3,5-difluorophenacetyl-L-alanyl)-S-phenylglycine t-butyl ester (DAPT), an inhibitor of Notch signaling, poly (I:C)-MSCs no longer improved the decreases in body weight, survival rate, the disease activity index, and the colitis score in experimental colitic mice (Figure 3a-e).
As expected, the administration of TLR3 siRNA-or DAPTtreated hUC-MSCs neither prevented histologic damage ( Figure 3f ) nor decreased neutrophil (Figure 3g ) or inflammatory T-lymphocyte infiltration ( Figure 3h ). In addition, it also did not increase the colonic infiltration of Treg cells, as opposed to when TLR3 and Notch signaling were not inhibited (Figure 3i ,j).
Poly (I:C) enhances the migration of hUC-MSCs to inflammatory sites
To ascertain the migration of hUC-MSC to the inflamed colon, the colonic presence of intraperitoneal injected luciferaseexpressing fluc-hUC-MSCs was investigated. Fluc-hUC-MSCs were detected in inflamed colons but not in noninflamed colons ( Figure 4a ).
To better understand the half-life and trafficking of the infused hUC-MSCs, we injected CM-DiI-labeled hUC-MSCs and detected the inoculated cells in the MLNs and spleens of the recipient mice 1-7 days after injection ( Figure 4b ). Importantly, poly (I:C) stimulation enhanced the trafficking of hUC-MSCs to the inflamed colon, which was suppressed by siRNA transfection targeting TLR3 or DAPT targeting Notch-1 ( Figure 4b) .
To better explore the in vivo distribution of hUC-MSCs, we next detected infused 5, 6-carboxy fluorescein succinimidyl ester (CFSE)-labeled MSC cells in various organs by flow cytometry. This experiment showed that poly (I:C) stimulation enhanced the trafficking of hUC-MSCs to inflamed colons but not to the spleen, duodenum, or MLN ( Figure 4c ). In addition, we found that the preferential homing of poly (I:C)-MSCs to inflamed tissues correlated with the expression of CCR10 (Figure 4d ). In addition to enhancing MSC trafficking in vivo, the activation of TLR3 signaling also promoted the migration of MSCs in transwell plates in vitro (Figure 4e ).
Poly (I:C) enhanced the inhibitory activity of hUC-MSCs against the proliferation of MNCs
To gain further insight regarding the mechanism of MSC preconditioning to enhance their immunosuppressive effects, we next investigated MSC inhibition of MNC proliferation. Presimulation with TLR2/4 agonists (Pam 3 CSK 4 and LPS) did not alter the inhibitory effect of hUC-MSCs on MNC proliferation, whereas priming with poly (I:C) significantly increased MNC inhibition of MNC proliferation (Figure 5a,b) . In addition, this proliferation arrest was abolished by siRNA against TLR3 (Figure 5c ).
Because soluble factors can also mediate the immunosuppressive activity of MSCs, we next examined whether soluble factors produced by hUC-MSCs could influence MNC proliferation. The proliferation of MNCs was slightly inhibited in the presence of supernatant from culture media from UCMs, but was further suppressed in the presence of culture media obtained from hUC-MSCs stimulated with poly (I:C) (poly (I:C)-CM) (Figure 5d ). Again, inhibited proliferation was reversed by inhibition of TLR3 (Figure 5e ).
These findings indicate that soluble factors selectively induced by TLR3 priming participate in conferring the immunosuppressive effect of hUC-MSCs. showed that hUC-MSCs primed by poly (I:C) were not induced to produce transforming growth factor-b1 (TGF-b1) in the absence of exogenous IFN-g (Figure 6a ). Similarly, no increased expression of IL-6 (Figure 6b) or IDO (Figure 6c) was observed upon the precondition of poly (I:C). Our study corroborated the TLR3-driven effect of hMSC secretion of PGE 2 and, to a lesser degree, IL-4 and IL-10. In contrast, priming with poly (I:C) induced robust production of PGE 2 in hUC-MSCs, which was much more pronounced compared with pretreatment with LPS and IFN-g (Figure 6d ). The proliferation of mouse MNCs was significantly inhibited by PGE 2 in a dose-dependent manner (Figure 6e) . Furthermore, the inhibitory effect of poly (I:C)-CM on MNC proliferation was abolished by indomethacin, a cyclooxygenase (COX) inhibitor (Figure 6e ).
Notch signaling is involved in the production of PGE 2 by poly (I:C)-primed hUC-MSCs Notch signaling is critical for TLR3/4-induced immune responses. 16 Therefore, we investigated whether Notch signaling was also required for COX-2 expression and the production of PGE 2 by hUC-MSCs in response to poly (I:C). The expression of TLR3 and Jagged-2 in hUC-MSCs was significantly downregulated by siRNA transfection targeting TLR3 or by DAPT, whereas the expression of Jagged-1 was upregulated (Figure 7a,b) . TLR3 stimulation of hMSCs resulted in increased Jagged-1 expression and decreased Jagged-2 expression at both mRNA and protein levels (Figure 7c-e) . siRNA-induced TLR3 downregulation caused decreased secretion of PGE 2 from hUC-MSCs (Figure 7f) , which led to abrogation of the immunosuppressive effect of hUC-MSCs on MNC proliferation (Figure 5d ). Although MNCs produced a small amount of IL-10, its production was upregulated in the presence of supernatant from the culture media of UCMs (Figure 7g ). In addition, siRNAinduced TLR3 or Notch-1 inhibition also inhibited the ability of poly (I:C)-CM to enhance IL-10 production by the MNCs (Figure 7g) .
We next examined whether UCM affects CD4
þ T population polarization. The Treg population in the MNCs was increased in the presence of UCM and further increased by poly (I:C)-CM (Figure 7h) , whereas the Th17 population was decreased (Figure 7i) . Similarly, TLR3 or Notch-1 inhibition Figure 8 Selective inhibition of the Jagged-1-Notch-1 pathway abolished the immunosuppressive therapeutic effect of hUC-MSCs in colitic mice. siRNA for Jagged-1 or Notch-1 was transfected into hUC-MSCs. Cells were stimulated with poly(I:C) and injected intraperitoneally into TNBS-induced colitic mice. (a) Survival rate, (b) weight loss, (c) colon length, (d) disease activity index and (e and f) histopathologic score were analyzed. (g and h) PGE 2 concentration was detected in the TNBS-induced colitic mice. Protein extracts were obtained from the (g) serum and (h) colons on day 4 of hUC-MSC-transplanted colitic mice, and PGE 2 was detected using an ELISA Kit. (i) COX-2-inhibited hUC-MSCs were administered into TNBSinduced colitic mice and disease progress was monitored. The results correspond to one representative experiment out of three independent experiments. *Po0.05, **Po0.01. The results are shown as the mean ± s.d. COX, cyclooxygenase; ELISA, enzyme-linked immunosorbent assay; hUC-MSC, human umbilical cord-derived MSC; Indo, indomethacin; NC, group referred to nonsilencing controls; PGE 2 , prostaglandin E 2 ; TNBS, trinitrobenzene sulfonate. To explore the physiological role of PGE 2 on the immunosuppressive activity of TLR3-activated hUC-MSCs, Notch-1-or Jagged-1-inhibited poly (I:C)-MSCs were administered to colitic mice. Significantly, Notch-1 or Jagged-1 inhibition led to a loss of the ability of poly(I:C)-MSCs to prevent mortality and body weight loss associated with TNBS treatment (Figure 6 ). Moreover, PGE 2 levels in both the serum and the colon of TNBS-induced colitic mice were increased significantly due to hUC-MSC transplantation and further increased by poly (I:C) stimulation but were abolished by the inhibition of TLR3 or Notch-1 (Figure 8g,h) .
To explore the physiological role of PGE 2 in the immunosuppressive activity of TLR3-activated hUC-MSCs, COX-2-inhibited cells were administered to colitic mice. Significantly, COX-2 inhibition abolished the ability of poly(I:C)-MSCs to suppress lethality, body weight loss and disease activity in TNBS-induced colitic mice (Figure 8i ).
DISCUSSION
hUC-MSCs exert immunosuppressive functions, express various TLRs and become activated in response to various inflammatory mediators, 11 making them an attractive candidate for use in cell therapy strategies of immune-driven inflammatory disorders. In clinical settings, however, the application of hUC-MSCs for the treatment of immune disorders has yielded variable results, possibly because administered MSCs encounter insufficient proinflammatory cytokines or a biased cytokine milieu in vivo. Therefore, when applying MSCs in vivo, it is desirable to drive the polarization of MSCs to the desired immunosuppressive phenotype to optimize their potential clinical use. The main finding of this study was that preconditioning by TLR3 stimulation selectively enhances the immunosuppressive protective effect of hUCMSCs on experimental colitis. In mice, treatment with poly (I:C)-preconditioned hUC-MSCs abrogated the weight loss, improved the histologic severity and protected against the mortality associated with TNBS-induced colitis, which represents a murine experimental model of Crohn's disease.
The present study further found that poly (I:C)-MSCs rapidly and preferentially migrated to the inflamed colon after intraperitoneal injection, as opposed to their low-magnitude trafficking to other noninflamed gut segments. Chemokines and their receptors are now recognized as important mediators of stem cell homing. To date, the most studied chemokinechemokine receptor axis in MSC homing to wounds is CXCL12-CXCR4, but recent work has suggested that CCL27-CCR10 and CCL21-CCR7 may also be involved. 19 We found that the preferential homing of poly (I:C)-MSCs to inflamed tissues correlated with the expression of CCR10. In contrast, a relatively smaller fraction of nonprimed MSCs eventually resides in the inflamed colon.
There are several potential mechanisms for the effects of hUC-MSCs on TNBS-induced colitis. Several studies, including our study, have shown that adipose stem cells (ASCs) 20 and nonprimed hUC-MSCs 21 downregulate systemic and local inflammatory responses and protect mice against the development of colitis. The upregulation in Th1 activity in TNBSinduced colitis and the reduction in Th1 activity after hUC-MSC transplantation were confirmed based on serum and colonic protein levels of INF-g and tumor necrosis factor-a and on the mRNA expression of Stat-4, which is a key component that regulates the expression of Th1 cytokines 22 ( Figure 2f ). In addition, there was a further decrease in Th1 activity in acute poly(I:C)-MSC-treated colitis (vs. nonprimed MSC group) (Figure 2) . A possible role for hUC-MSCs in promoting the Th2 subset was confirmed by analyzing the protein level of IL-4 via ELISA and the Th2 lineage transcription factor Stat-6 via real-time PCR (Figure 2f) . 18 Stat-6 expression was further increased in the poly(I:C)-MSCs group. The RORgt signaling pathway directs the differentiation of proinflammatory Th17 cells. 23 FACS revealed that poly(I:C)-MSCs clearly inhibited the differentiation of pathogenic Th17 effector cells (Figure 2d,e) . In this study, the protein levels of IL-6 and IL-17A and the mRNA expressions of IL-6, IL-17A and RORgt were significantly downregulated in the poly(I:C)-MSCs group (Figure 2a-f) . The suppressor cytokines IL-10 produced by CD4 þ Foxp3 þ Tregs are involved in the control of colitis, as indicated in recent investigations. 20 hUC-MSCs significantly upregulated IL-10 and Foxp3. The expression of Foxp3 further increased in the poly(I:C)-MSC group compared with the hUC-MSC group (Po0.01; Figure 2d ,e).
Thus far, the specific molecular mechanisms involved remain poorly defined. Previous studies have implied the involvement of both cell-to-cell contact and soluble factors in the deactivation of macrophages and T cells by MSCs. 20 In this study, stimulation with poly (I:C), but not other agonists, enhanced the inhibitory effect of CM on the proliferation of syngeneic MNCs, which indicates that soluble factors secreted by hUC-MSCs in response to poly (I:C) may have a critical role. It is well known that soluble factors mediate T-cell suppression by MSCs. 24 Particularly, IDO acts as a switch in human MSCmediated immunomodulation. 25 In humans, MSC-derived IDO was reported as a requirement for inhibiting the proliferation of IFN-g-producing Th1 cells. 26 Opitz et al.
27
reported that TLR activation enhances the immunosuppressive activity of bone marrow-derived MSCs (BMSCs) by inducing indoleamine 2,3-dioxygenase 1 (IDO-1), whereas Liotta et al. 16 demonstrated that TLR3 and TLR4 stimulation do not influence IDO activity. In the present study, no TLR agonists upregulated the expression of IDO-1 in hUC-MSCs. It has been reported that IDO-1 is only released by MSCs after IFN-g stimulation of target cells. 25, 28, 29 These findings suggested that, at least in hUC-MSCs, IDO-1 may not be the crucial factor for enhancing hUC-MSC immunosuppressive activity by poly (I:C).
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Moreover, TGF-b, 30 IL-6, 31,32 and human leukocyte antigen G5 33 have been reported to be involved in MSC-mediated immune modulation. Mastri et al. 13 reported that poly(I:C) induced therapeutically relevant trophic factors, such as IL-6-type cytokines, in MSCs. Poly(I:C)-treated MSC, but not untreated MSCs, effectively stimulated regeneration of failing hearts in hamsters 1 month after cell administration. TGF-b is a multifunctional cytokine that regulates wound healing and tissue repair. 34 In a previous study, inhibition of TGF-b1 signaling abrogated the therapeutic effect of MSC transplantation on dextran sulfate sodium colitis, suggesting a TGF-b1 signaling-dependent mechanism. 30 However, the present study demonstrated decreases in TGF-b1 and IL-6, and no increased expression of IDO upon activation of TLR3 when following the protocol by Waterman et al., 12 as shown in Figure 6a -d, indicating the possible role of other factors. It appeared that TLR4 signaling is upstream of IL-6 and TGF-b, as demonstrated by Waterman et al. 12 Our study corroborated the TLR3-driven effect on hMSC secretion of PGE 2 and, to a lesser degree, IL-4 and IL-10.
Indeed, we observed that poly (I:C)-MSCs significantly increased PGE 2 levels in the supernatants of anti-CD3/CD28-stimulated MNCs, suggesting that PGE 2 may be the cytokine responsible for the inhibition of lymphocyte proliferation and Treg expansion in MNCs. This hypothesis was further substantiated using indomethacin, a pan COX-2 inhibitor for lymphocyte proliferation. Moreover, transwell separation only slightly reversed the immunomodulatory effect of hUCMSCs and poly (I:C)-MSCs on lymphocyte proliferation, providing evidence that paracrine cytokine and cell contact are the key mechanisms used by poly (I:C)-MSCs. PGE 2 has been reported to mediate most of the immunosuppressive effects that ASCs and BMSCs exert on DC maturation and activated T-cell proliferation. 35 It acts in synergy with IDO, and MSC-derived PGE 2 is able to revert an inflammatory environment to an anti-inflammatory environment, altering the cytokine secretion profile of dendritic and T-cell subsets. 36 Moreover, a recent study by Chen et al. 37 showed that PGE 2 is critical for the immunosuppressive activity of hUCMSCs, as the inhibition of PGE 2 synthesis nearly completely inhibited the immunosuppressive effects of UC-MSCs. Stimulation with poly (I:C), but no other agonists, led to significantly increased expression of COX-2 in hUC-MSCs. 38 COX-2 is the key molecule in the synthesis and generation of PGE 2 .
In addition to its direct inhibitory effects on T cells, PGE 2 is known to promote the development of Tregs. 39 Kim et al.
29
previously reported physiological evidence regarding the significance of PGE 2 production by transplanted hUC-MSCs and subsequent induction of IL-10-producing Tregs in recipient colitic mice. 29 Our study also showed that activation of TLR3 enhanced the induction of Treg by hUC-MSCs in a PGE 2 -dependent manner. IL-10-secreting Treg has a key role in the control of self-antigen-reactive T cells and the induction of peripheral tolerance in vivo. 19 To further confirm the critical role of PGE 2 in vivo, COX-2-inhibited cells were administered to colitic mice. Significantly, COX-2 inhibition led to a loss of the ability of poly(I:C)-MSCs to prevent mortality and body weight loss associated with TNBS treatment (Figure 8i ).
In the current study, we show that Notch-1 signaling is required for hUC-MSCs to exert their immunosuppression roles. Notch signaling regulates immune regulatory effects of both immune cells 40 and nonimmune cells, such as BMSCs. 16, 41 Using a mouse acute graft-versus-host disease model, Wang et al. 41 demonstrated that the immunosuppressive function of BMSCs is dependent on Notch signaling and that Notch signaling regulates the immune suppression of BMSCs through the production of IL-6 and PGE 2 .Disruption of RBP-J, the critical transcription factor that mediates signaling from all four mammalian Notch receptors, remarkably reduced PGE 2 production in BMSCs. However, expression of the Notch-1 receptor family member, Jagged-1/2, in TLR-induced MSCs have been linked to controversial reports regarding immunomodulation following TLR activation of MSCs. 16, 42, 43 In our study, hUC-MSCs constitutively expressed Jagged-1 but no other Notch ligands, and blocking the Notch transduction pathway with the Notch-1 inhibitor DAPT or siRNA transfection targeting Notch-1 reduced susceptibility to the suppression on T-cell proliferation. Upon implementing the short in vitro TLR-priming protocol reported by Waterman et al., 12 we found that TLR4-primed hUC-MSCs inhibited the recognized MSC suppression of T-lymphocyte activation, as reported by Liotta et al. 16 By contrast, Jagged-1 expression was elevated in TLR3-primed hUC-MSCs and, therefore, further activated its signaling to Notch receptors expressed on T cells and enhanced the polarization of T-cell subsets (Supplementary Figure 4 online) . 44 Cahill et al. 45 recently demonstrated an important role of Jagged-1 in the MSCinduced expansion of Foxp3 þ Treg. Furthermore, the ability of poly (I:C)-MSCs to modulate T-cell polarization was abolished by siRNA against Jagged-1, which confirmed a crucial role of Jagged-1. The exact mechanism how PGE 2 modulates Notch signaling requires further investigation. PGE 2 has been previously reported as a novel regulator of Jagged-1 and a potential microenvironmental modulator of hematopoietic stem cells. 46 The main finding of this study was that PGE 2 shifts the balance from Th1 responses to Th2 responses. The activation of TLR3 enhanced the induction of Tregs by hUC-MSCs in a PGE 2 -dependent manner. Taken together, these results indicate that TLR3 activation induces PGE 2 production by hUCMSCs, which leads to an increase in IL-10 production and Treg population and that the concerted action of PGE 2 with subsequent suppressive factors are required for complete attenuation of colitis by hUC-MSCs.
METHODS
Ethics statement. This study was approved by the Institute Ethics Committee of the First Affiliated Hospital of Sun Yat-sen University and conducted according to the principles expressed in the Declaration of Helsinki. All samples were collected with written informed consent.
MSC culture and expansion. For all sources, MSCs were isolated using the classical adhesion method. When subconfluency (80-90%) was achieved, adherent cells were detached with 0.25% Trypsin-EDTA (Gibco BRL, Life Technologies, Grand Island, NY) and expanded by replating at a lower density (1,000 cells per cm 2 ). The MSCs were generally evaluated after two passages. To confirm the mesenchymal nature of the cells, clone-forming unit fibroblast, phenotype, and differentiation assays were performed, as described previously. 47 MSCs were characterized according to the International Society for Cellular Therapy criteria and as described previously. 48 Briefly, adherent cells after 3-4 weeks of culture were characterized via flow cytometry using the commercial Human Mesenchymal Stem Cell Marker Antibody Panel according to the manufacturer's instructions. The data were acquired and analyzed using the Kaluza flow cytometry analysis software from Beckman Coulter (Brea, CA).
Multipotency of the hUC-MSCs was tested for differentiation along the osteogenic, and adipogenic lineages using a Mesenchymal Stem Cell Functional Identification Kit (R&D Systems, Minneapolis, MN), as per the manufacturer's instructions. In other experiments, hUC-MSCs were primed with Pam 3 CSK 4 (1 mg ml À 1 , TLR2), poly (I:C) (1 mg ml À 1 , TLR3), LPS (10 ng ml À 1 , TLR4) (SigmaAldrich, St Louis, MO), tumor necrosis factor-a (50 ng ml À 1 ), and/or IFN-g (10 3 U ml À 1 ) (R&D Systems, Minneapolis, MN), and subsequently analyzed for cell surface markers via flow cytometry and cytokine secretion using an ELISA. For PGE2 synthesis inhibition experiments, MSCs were resuspended in complete medium in the presence or absence of PGE2 inhibitors indomethacin (5 mM; ICN Chemicals, Irvine, CA) 12 for 48 h, and coculture experiments were then carried out as described in the presence of the inhibitors.
Induction of colitis and study design. The colitic mice model was induced using the classical method, as described previously. 20, 49 Briefly, TNBS (3 or 5 mg; Sigma) in 50% (v v À 1 ) ethanol (100 ml) was administered intrarectally in BALB/c mice. Control mice received 50% ethanol alone. Animals were treated intraperitoneally with medium or with defined amounts (10 6 cells per mouse) of hUC-MSCs, TLR3-activated hUC-MSCs, or syngeneic mASCs (isolated from BALB/c mice) 2 h after TNBS administration.
Animals were monitored for diarrhea, body weight loss, and survival. At day 4, blood samples and various segments of the colon were collected. Tissue segments were immediately frozen in liquid nitrogen for histologic studies, protein extraction, cytokine determination, and measurement of MPO activity. In vitro models were divided into thirteen groups (Supplementary Table 2 ). Intracellular staining. Intracellular staining for IFN-g, IL-17, and IL-4 was performed on MSCs after 6 h of activation with phorbolmyristate acetate (1 ng ml À 1 ) and ionomycin (1 mg ml À 1 ) in the presence of Golgi stop brefeldin A (10 mg ml À 1 ; all from Sigma-Aldrich) for the final 3 h of culture. The cells were fixed and permeabilized with BD Cytofix/Cytoperm Plus (BD Bioscience, San Jose, CA) according to the manufacturer's instructions. The cells were incubated with phycoerythrin-Cy7-conjugated rat anti-mouse IFN-g, V450-conjugated rat anti-mouse IL-4, and phycoerythrin-conjugated rat anti-mouse IL-17A (all from BD Bioscience). The cells were then washed and data were acquired and evaluated using a Gallios flow cytometer and analyzed using Kaluza Flow Cytometry Analysis Software (Miltenyi Biotec, Bergisch-Gladbach, Germany).
Analysis of Foxp3 expression. MLN cells (10 6 cells) were isolated in ice-cold RPMI medium/10% fetal calf serum and washed two times with phosphate-buffered saline containing 0.1% sodium azide plus 2% heat-inactivated fetal calf serum (wash buffer). Cells were incubated with PE/anti-CD4 and APC Cy7/anti-CD25 monoclonal antibodies (BD Pharmingen, San Diego, CA) at 4 1C for 1 h. After extensive washing, cells were fixed/saponin permeabilized with Cytofix/ Cytoperm solution (BD Biosciences) and incubated for 45 min at 4 1C with Alexa-647/anti-Foxp3 monoclonal antibody (BD Biosciences). Then, the cells were washed and analyzed using a Gallios flow cytometer (Brea, CA).
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